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OPERATION OF THE LOW-ENERGY DEMONSTRATION
ACCELERATOR: THE PROTON INJECTOR FOR APT °

J. David SchneidérLos Alamos National Laboratory

Abstract Laboratory in Ontario. One unique feature of this source is
Ahat no electronicsreside athigh potential. Even the

m : . .
electromagnetic solenoidsare at ground potential,
s%parated from the source chamber tspeciallydesigned
an . ; .
polypropylene insulatoiMicrowave power isfed through

. : : an insulatedvaveguidebreak, allowing the 2-kW, 2.45-
high-power RF systems, EPICS controlgfiagnostics, GHz power source to be at groupdtential. Similarly,

beam stop, and othé&ardware inpreparation for th&70- . :
. . the hydrogen gas feed is through a small-diameter
kW beam test. Initial LEDARFQ beam operation has . .
. ) : insulated tube kept anear atmospheric pressure to
commenced. This papersummarizes work in the past

ear, concentratin on RFQ assembly, tunin suppress breakdown.
year, : 9 < DY, 9 The extractor is a75-kV single-gap, shaped-surface
installation, high-power conditioningnd initial beam

operation. We willinclude summaries of iniectotests configuration, with integral electrosuppression.Both
P ) ) ' Eriode and tetrode versions have been tested[3]. The

1.25-MeV RFQ-beam tests, beam-transport and beam-s op . ) .
. ransport line[4] is about 2.7 m longndincludes two
performance, and cavity resonance control. The . . . .
technology beingdeveloped inthis first section of the electromagnenc soIenqu fo_r focusi Eg;d_two paurs of
dual-axis steerers. Variabddinsertable ring collimators

APT (acceleratorproduction of tritium) linac is also o
) L : . are used for additional beam-currecdntrol. Vacuum
appropriate for several other applications, including the

transmutation of waste and medical isotope production. pumping and seyeral dlggno§t|ajeV|ces (”?OS“V hon-
interceptive) are included in this transport line.

We report preliminary test results for a 6.7-MeV, 100-
cw radio-frequencyquadrupole. During the time this
structure was in design, fabrication, assembly, tuning,
installation, we tested a 75-keV proton inject8B0-MHz

1 LEDA DESCRIPTION This injector configuration (Fig.2) has be¢gsted[5]
since 1992, demonstrating consistentlyxcellent
1.1 Purpose and Background performance, includingnjection into a cw RFQI[6]. For

example, this injectocan providemore than 130 mA of
LEDA is designed to be aomplete prototype[l] of the ion current, with 90% proton fraction, at a rmermalized
front end ofthe APT acceleratorWithin LEDA, we plan emittance of 0.19tmm mrad. The LEDA injector sits on
to build, test,and characterizahe injector, RFQ, first rail-mounted platforms to facilitate easy movement to the
section of CCDTL, and all necessary interface componem§Q. Strict attention to layowtnd groundingguarantees
to help prove the feasibility of the APT 100-mA, cwthat neither equipmertamagenor computer upsets result
linac. At this stage, the injectand RFQ (Fig 1) are from infrequent high-voltage sparkdowns[7].
functional and undergoing initial integrated beam testing.

Figure 1: Computer rendering of LEDA, showing injecto’
andits electronics onleft, RFQ inside frame,and short
transport line and beam stop.

1.2 Injector

¥ .—d__-‘--.--_

The unique LEDA injector[2] uses an i@ourcethat is a e
slightly modified version of a simpleand effective Figure 2. Beamline hardware of the LEDA Injector.
microwave-driven proton souraieveloped aChalk River
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1.3 Radio-Frequency Quadrupole to separat@tmospheric WR230Waveguidefrom a half-

The LEDA RFQ mustprovide excellentperformance height vacuum waveguide (Fig. 5).

undervery demanding cwoperation[8]. Outputenergy is «——89cm—

6.7 MeV, with proton injection at 75 keV. Total length is /\/ *

approximately 8 meters;omprised ofeight sections to C /\/ 1.7 m@
facilitate brazing. There arefour 2-m-long resonant ﬁ

segments to facilitate RF tuning of this structuhfier o ]
precise alignment during brazirgd assembly, 128 static Figure 4. Geometry of RF coupling iris, througtich
slug tuners are used to ensure prdigd distribution and RF power enters the LEDA RFQ.

to reducenon-quadrupole fields téess than 2% of the
primary field. During operation, structun@sonance is
maintained by precise automatic adjustment of the cooling
water temperature[9]. Temperatueentrol of the RFQ
copper structure controls cavity dimensicarsl resonant
frequency.Design peak fields fothis cw RFQ are 1.8
Kilpatrick or 33 MV/m at 350 MHz.

All major pieces of theRFQ resonant structure are Tapered
made of OFE copper. Some flangeare made of Ridged
GlidCop™, a strengthenecersion of OFE fortified with ~ Vacuum
a suspension of aluminunoxide powder to increase Vaveguid
hardness. €

A major engineering challenge athis RFQ was to
properly support this 8-m longylinder of annealed OFE
copper. The weight (2360 kg) of the RFQsispported by Figure 5. Depiction of the RFwindow assembly for
five struts, attached tothe flanges separating the two-feeding power into the RFQ.
meter-long segments. The outer ends of these sitiatsh
to a very study steel frame, that in turnhisld above the  All vacuum systems[10fised onLEDA are oil-free to
floor by three kinematic mounts. A similar set sdven minimize the chance ofinternal oil contamination on
horizontal struts constrain the RFQ tnansverse and acceleratingstructures. Cryogenic pumpse usedor the
longitudinal motion. RFQ cavity, and non-evaporative getter (NEG)umps

All other RFQ-relatedhardware, including windows, maintain an a high-vacuum environment for the RF
vacuum and water manifolds, and vacuum waveguide windows. Turbo-molecularpumps provide additional
sections, are separatelysuspendedrom the outer steel pumping for all structures.
frame, to avoid putting undue stress onto the RFQ copp(ir..4 RE Power

LEDA's RF power system[11] includes a numbeiboth
350-MHz and 700-MHz cw transmitters. Three of the 350-
MHz systems are dedicated for usetba RFQ. Although
each 350-MHz RF Kklystron is rated for, and has
demonstrated, 1.3 MW of supplied power, losses,
mismatchesand control marginreducethe effective per-
klystron RFQ-delivered power tdust under 1.0 MW.
Ohmic losses in the walls of the RF&eapproximately
1.2 MW, andabsorbecheam power isabout 0.67 MW.
Two Klystrons should thuprovide all power needed for
] ] _ full-current operation, but this entails running the
Figure 3. Cross section of the LEDA RFQ, showingjystronsvery nearmaximum levels. Thehird Klystron
locations of the 24vatercooling channels ireach of the \yasincluded toensurethat we have adequateoperational
eight sections. powermargin. Weare now running 2 RF systemisito

) ) o the RFQ using theaccelerating cavity as a power
Three ofthe eight RFQ sectionbave provisions for compiner. The third 350-MHz RF system is ready for use,
balanced RFpower feedspne into eachquadrant ofthat )t is not presently attached to the RFQ.
section. Well-cooled, taperediidged vacuumwaveguides A nominal 1 MW of 350-MHz RF power froreach
carry this power to a coupling slot in the outer wall of thﬁlystron is carriedthrough WR1500wvaveguideabout 40
RFQ. Eachcoupling slot (Fig.4) is approximately 1.7meters from the klystron, to magic-tee powesplitter,
mm wide, by 8.9 cm long. A coaxial Riindow is used ang then split again. Power from each klystron[12jikt

" NEG
Turbo Pump
Pump

504



Proceedings of the 1999 Particle Accelerator Conference, New Y ork, 1999

equally into four feedseach ofwhich enters auadrant of 1.7 Controls
the RFQ. Commercial coaxial RF windoware used to
separatethe atmosphericwaveguide from the stepped,
ridged vacuumwaveguidetransitions thafeedthis power L

development of individual subsystems. In several

to the coupling irises on the RFQ outer walhese instances. e.a. high-oower RENd vacuum Svstems. a
commercial RF windows were tested[13] at sustained E » €.9. Nigh-p y !

power levels of 1 MW, in preparation for use on the RF edicatedPL.C (programmable logic controller) issed to
at less than 0.34 MW’ cilitate local operatiorand to handle most interlocks.

LEDA's specialized low-level RE (LLRF) system has gut, during integrategystem operation from the control

. ) : 2 foom, EPICSprovides operatotools andlinks to nearly
number of functions[14], including maintainingprrect

; e all read-back and control channels.
power and phase in the cavity fields. Controbeards for

these functions use | & Q control[184therthan direct 1.8 Safety and Protection Systems

amplitude and phase. A combination of dig&adanalog i )
control loops isused to providdoth long-term precision 1N€ Primary personnel safety system on LEDA is the
and fast response. personnebccessontrol system (PACS), whose function

The LLRF system must maintain the RFQ cavity of¢ t© ensure that personnate excludedrom the beam
resonance.This is done by sending asignal to the tunnel’s potentially highradiation areas duringoeam

resonance-controtooling system (RCCS) that in turnoper_ation. This LEDA s_afety systenmepresents the best
makes adjustments to the cooling wamperature at the Version of the PACS unitased onLANSCE. All PACS
RFQ vanebases. Coolingvater temperature ithe only Wiring is in protectedconduits, all switcheare redundant
dynamically adjustable parameter for REQ. Protection 2nd tamper-proof, all logic (iredundant, locketoxes) is
against internal arcs and faults both in the RFQ cavity ab# a dedicatedPLC, andstrict administrative controls are

in the several RF windows neahe RFQare additional used for all installation, checkout, and routine use.
functions provided by the LLRF system. A backbone beam enabi®BE) hard-wiredcircuit is

implemented in a fashion very similar to the PACS. This
1.5 Beam Stop and Transport Line system ensures that beam operation is inhibiteenever
hardware configurations are outside the safe operating
boundary. Oneinput example is thewater level in a
neutron shield tank surrounding the beam stop.

A hard-wired fast-protectsystem isused to interrupt
beam current within a few micro-seconds in the event of a
of a malfunction that indicate possible beam misbehavior.

A large fraction of the instrumented channelsL&DA
are monitored by the beam run-permslystem. This
equipment-protection function is done HPICS software,
and may have responsBmes approaching onesecond.
However,its purpose is teensure that beardelivery is
permitted only when all critical systemare in proper

The EPICS[19] system igsedfor all integratedcontrols
on LEDA, although LabView is oftensed for off-line

The innovative beam stop @escribedoreviously[16] Key
features ofthis designare its compactness, light-weight,
integral neutron shielding, lowadiation sourceterm,
simplicity, and ease of replacement gemoval. Audio
sensors on the cartridge should sensewm@xpected water
boiling well before thermal failure of the structure.

A smaller prototype wademonstrateavith a 125-kW
beam from the CRITS RFQ. ALEDA beam-stop
replacement cartridge is under development no@eateral
Atomics that includes an internabrbonliner to further
reduce the prompt and residual radiation source term.

_The high-energy beam transp()‘rtEB_'I') I_|ne[17] is as operation and alignment.
simple and short (2.5 m) as feasibleincludes five . :
/ Of course, many hard-wired interlocks are used
guadrupoles, two dual-axis beam steerers, vacuum

umping, and a number of beam diagnostic devices[18] extensively throughout LEDAAdequatewater flow in
pumping 9 "various electromagnetand valve positions are typical

1.6 Facilities Upgrades examples.

The LEDA Accelerator ReadinesAssessmen{ARA)
process included simultaneougeview by anindependent
contractor teanand aDOE team. This process, although
demanding for a one-week periadprked extremelywell.
This readiness reviewwas done the first week in
December]1998; onlythree working days after wewere
able to initiate RFQ conditioning with a singleMW
klystron. Closeout of the ARA process waampleted on

When LEDA assumed occupancy of aristing building

at Los Alamos, that facilithadonly about 3 MW of ac
powerandcooling capacity. Irorder tooperate up to six
RF transmittersand other equipment, LEDAeeds nearly
15 MW of power. Weupgradedthe raw ac power and
distribution systemand installed tenspecializedcooling

systemsneededfor all acceleratingstructuresand related

equipment. o . March 12, two working days beforeour first RFQ-
This upgradeactivity required asmany as 85crafts ,..elerated beam.

people workingadjacent to a\umber of experimentalists. Al our documentation and operational approval
In this process, the LEDA projeatcumulatednore than processes have beeexpedited by early and fruitful

220,000 construction man-hours with only a single minQG1anoration with all parties, especially with DOE, our
lost-time accident. sponsor for this work.
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2 BEAM TESTING
2.1 RFQ Conditioning Notes

Initial conditioning[20] wasdone with a single klystron
feeding into the four ports of segment B, with segment
ports blanked off, and waveguideterminations properly
positioned outside segment D windows. Allibsequent
conditioning has beedonewith two phase-locked 1-MW
klystrons, feeding into segments B and D.

At very low power levels (afew kW) we saw the
expectedinitial multipacting in all window assemblies.
However, some amount of multipactingoersisted to
higher-than-expected powéevels. With four windows
installed, we saw multipacting up to powers of about 4
kW. With eight windows, multipactingcontinued to
about 800 kW. Thus weoncludethat multipacting may
be a problem up to about 100 kW aach window
assembly. While this multipacting may assistcleaning

the coaxial metal surfaces, we saw typical vacuu

outgassing while multipacting was present. Because of
100 kw/window-assemblymultipacting, weare planning
a change imour configuration thatequires fewethan 12
windows. If we stay with 12 windows, weould have

multipacting up to the design operating level of 1.2 MW,

Another unexpectedccurrencevas localizedmelting at
the edges of a few ofhe coupling irisesEach coupling
iris is approximately 1.5 mnwide by 8.9 cm long.
During the final tuning process, custom-sized h¢é&mut
2 mm in diameter) were cut at tkads of eaclslot. After
severalhours of conditioning at fullpower levels, we

discoveredthat the edges ofsome of these holes had

melted, but only in the irises with the smaldiameter
holes. Simulations with FEAcodes indicated a wall-
current enhancement factor about 9 or 10 onthese

very first beam pulse oMarch 16. Output beanenergy
was right on the design value d@&.7 MeV. RFQ
transmissionand output bunching have the expected
behavior as the RF power is varied in the RFQ cavity.
CVery limited beam testingduring the pastweek has
verified that theseveral diagnostidevices andsystems
work asexpected. We have measuB#Q transmission,
beam energyacceptance othe injected beam, verified

output beam steeringndfocusing, and confirmedthat all

sensorsand protection systemsare functional. Early

beamsusedshort pulses (<1 ms), low repetitioates
(5—10 pps)and low currents (<30 mA) (Fig 6) to
facilitate debug and tuneup with minimal risk of
(ﬁ?mponent damage.

1

RFO OUTPUT|

26.91 |
Figure 6. A 1-ms, 27-mA beam pulse from thEDA
RFQ

Low-duty-factor beam-profile measurementse being
checkedwith a two-dimensional wire scanner[22]. Later,
video camerasnd processing softwarvill be used to
measureprofiles under cwconditions. Theseand most
other diagnostics[23hre mounted in the beam transport
line immediately downstream of the RFQ.

smaller holes. This was sufficient to raise a small amoumAlthough our critical diagnosticgear[24] isfunctional,

of copper to above the melting temperature.

In mostrespects however, the conditioning weery
well. We saw dew cavity shortsand vacuum bursts in
the RFQ cavity. A “blanking boxtetectshigh reflected
power,andremoves RFdrive within a few us, toensure
there is no surfacelamagefrom the arc. Conditioning
maintained even after tiRFQ was 'let up' t@atmosphere

we do nothave operating interfacefsom all diagnostics

into the centralcontrol system. Integratioand checkout

of these systemgequires additionalbeam time. The
damagedcoupling irisesplace alimit on the average
power we can sustain inside the RFQ, thus we need to run
at less-than-ideal cavity powéevels. Even though we
cannot cw condition the cavity to thaesired 120% of

with dry nitrogen, with subsequent re-conditioning yesjgn power, our pulse conditioning hasended to at
requiring less than twenty minutesBalancing the |oast1259% (1.5-MW) of design level.

conditioning process for simultaneous conditioning of During the past week, we have moved from iniiaam

eight windows and the RFQ cavitgquiredmuch care and
learning. Progressive conditioning isdgnamic balance
between peak power, duty factor, pulsagth, a ddloor
level of power, and proper frequency tracking. For
successful conditioning, it is imperative to continuous
monitor and maintain low pressures imall windows and
the RFQ cavity.

2.2 Beam Commissioning

operation at 5 pps, 500-us, 8-mA to reliable operation at
10 pps, 2.5-ms, and 40-mA.

We expectthat near-futureRFQ commissioning will
benefit from the successfelxperience[25] oftesting the
RITS RFQ about one year earlier, where beam tes$
the LEDA injector and demonstrated up X160 mA of cw
proton output beam. For those tests, the injector was
operated ab0-keV, yetdelivered asmuch as 130 mA of

intput beam.
Initial beam operation was promising[21], in that we

sawgoodtransmission through the entire system on the
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3 SCHEDULE

Design of the RFCbegan in1995, fabrication in 1996. [
Assembly wasunderway in early spring of 1998, and [2]
most of theremainder 0f1998 wasconsumed byadding
all utilities, support systemsand completing final
tuning[26]. First high-power conditioning began iate
November, and initial beam wasgtroduced in mid-March, [4]
1999.

Beginning in late April, weexpect to replac¢he RF
coupling irises with more robust units, thimerease our
peakand averag@owersuntil we areable to sustain cw
operation with 100 mA of proton beam current. dsisign  [6]
power levels, the RFQ output beam wikve a power of
670 kW. 7]

The coming year will be spent in fully testing the RF(5
with beam. Then, we will install a short section of8]
coupled-cavity drift-tubdinac (CCDTL) onto theend of
the RFQ to permit a complete test of beam matchirgj
from the RFQ into the untested CCDTL structure. 10]

Two complete 700-MHz RF systems, including three i

(3]

(5]
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